We study nanowire silicon pin and pn-junctions at room and low temperature. Photovoltaic effects are observed for both devices at room temperature. At low temperature, nanowire pn-junction devices show their ability to detect single photon. This ability was not been observed for pin devices. Phosphorus-boron dopant cluster in the depletion region is considered to have the main role for single-photon detection capability. Fundamental mechanism of dopant-based single-photon detection in nanowire pn-junction is described in details.
Introduction
Current fabrication technology has provided an ability to build device structures with quasi-atomic precision. Well-known fundamental microelectronic devices, such as transistor and diode, have been miniaturized into nanoscale size. In this nanoscale regime, the behavior of devices is found to be drastically modified as compared to their bulk counterparts. In addition to the quantum size effect, which is commonly considered as the origin behind nanoscale phenomena [1] , random dopant distribution has been reported as another source behind the changing in device performance [2] [3] [4] . More importantly, it has been reported that individual donor [5] [6] and acceptor [7] [8] may mediate carrier transport. This has opened an opportunity to utilize individual dopant as an active part for device functionalities. As an individual entity, dopant has unique properties, such as discrete electronic states, neutral and ionized, which suggests that it may work as a switch. Due to its localized potential, a dopant has been considered as a natural atomic quantum dot. Based on these unique properties, some groups are working to realize dopants based devices [9] [10] . Several examples such as dopant based quantum computing [11] [12] , single-dopant turnstile [13] [14] , single-dopant transistors [15] , singledopant memory [16] , and single-dopant based singlephoton detection [17] , have been proposed [18] . Most of these devices are based on metal-oxide-semiconductor field-effect-transistors (MOSFET) structure, in which operation relies only on one type of dopant. For photonics application, such as solar cell and photon detection devices, pn junction and pin diode structure are more commonly used. So far, the behavior of nanoscale pn-junction has been also reported [19] [20] . The effect of individual dopants and their interaction with photons in pn-junction structure, however, have not been yet clarified. In this paper, focusing on the effect of individual dopants, we study the nanowire pin and pn-junction at room and low temperatures, in dark and under light illumination.
Methods
We fabricated and studied two types of nanowire junction diode, pn and pin. Schematic device structure, bias configuration and schematic top view for both devices are shown in Fig. 1 . The nanowire was patterned on silicon-on-insulator (SOI) structure using electron beam lithography. The width, length, and thickness are estimated to be 15, 1000, and 5 nm, respectively. Boron and phosphorus atoms were selectively diffused to create lateral pn-junction and pin devices. In pn-junction devices, a co-doped region was doped with phosphorus and boron simultaneously. Boron concentration is higher than phosphorus concentration. For both devices, final phosphorous and boron concentration derived from secondary ion mass spectrometry (SIMS) are estimated to be N D ≈ 1 × 10 18 cm -3 and N A ≈ 1.5 × 10 18 cm -3 respectively. In the pin devices, an area in the middle part of the nanowire was kept un-doped. The nanowire is covered with a 10-nmthick SiO 2 layer. The p-Si substrate was doped with boron (N A ≈ 1.5 × 10 15 cm -3 ) and used as a gate. The thickness of the buried oxide layer is 150 nm.
Devices were measured in a vacuum chamber of an electrical measurement system. p-type region was connected to the voltage source, while n-type region and substrate were kept grounded. Light is illuminated onto the device from a halogen or a monochromatic light source in the visible wavelength range is connected with optical fibers through a quartz window. The illumination area in the device has a diameter of about 3.2 mm. By dividing the measured optical power at the sample surface over the illumination area and the photon energy, the incident photon flux is estimated.
Results and Discussion
Room temperature measurement. We measured the anode current versus applied voltage (I-V A ) characteristics at room temperature; substrate (V Sub ) was kept constant at 0 V, while V A was swept from negative to positive values. Figure 2 shows typical I-V A characteristics for pin (a) and pn-junction (b) in dark and under halogen light illumination for several incident photon fluxes (Ф inc ), increasing from top to bottom. For both devices, photovoltaic effect can be clearly observed. It is well known that photovoltaic effect in pn-junction is observed as an increase of the current in the negative direction at zero or reversed bias condition under light illumination. Even though both devices show photovoltaic effect, apparently some differences can be observed. Under the same Ф inc , in the reversed bias region, pn-junction shows higher current as compared to the pin-junction device. In the larger forward bias region, pn-junction devices also show strong dependence on Ф inc , therefore, a crossing point is clearly observed at a bias around 0.3 V [ Fig. 2 (b) ]. On the other hand, pin-junction devices show weaker dependent on Ф inc , therefore the cruces almost merge at higher bias. It is unexpected that pn-junction has higher sensitivity to the Ф inc as compared to the pin-junction devices. It is known that pin-junction structure is commonly used as a photodetector since it can optimize the quantum efficiency [21] . The reason why our pn-junction devices are more sensitive to photons than the pin-junction devices most likely comes from the fact that pn-junction device has final width and thickness narrower and thinner than pin-junction devices. This is due to additional consumption of silicon by the double doping process in the co-doped region. The difference can be seen from scanning electron microscope (SEM) images as shown in the inset of Fig. 2 . Based on these images, the origin of the photocurrent enhancement can be ascribed as follows.
Since co-doped layer is narrower and thinner, the resistivity increases and nanowire becomes insulatorlike. When a voltage bias is applied, the potential is tilted as schematically shown in Fig. 3 . In the forward bias, electrons and holes can easily diffuse as indicated by thick arrows. Under light illumination, additional electrons and holes are generated in the entire nanowire. A small number of electrons and holes are generated in the depletion region and immediately drifted in the opposite direction (thin arrows) from the main diffusion current; therefore, the main current is reduced, as generally reported for conventional pn-junction. A larger number of carriers, however, are generated in the tilted potential region. The photogenerated electrons in this area flow from n-type to p-type and enlarge the main diffusion current. As a result, higher current is observed for higher light intensity. In the reverse bias, similar results are observed as well due to similar mechanism.
Low temperature measurement. At room temperature, we observe the photovoltaic effect which is normally observed for bulk pn-junction devices. Effect of individual dopants has not been observed at this temperature regime. In order to observe the effect of individual dopants, we need to suppress the carrier`s thermal energy. For that purpose, we lowered the At this temperature regime, most dopants are freeze-out and the density of free carriers is drastically reduced [22] . I-V A characteristics in the forward bias for pin and pn-junction devices at this temperature are shown in Fig. 4 (a) and 4(b) respectively.
Compared with room temperature measurement, higher voltage bias is required to obtain the same current level. In our experiment, around 5 V is required for pin device, in dark, to reach the threshold voltage, which is much higher, compared to room temperature (below 0.5 V).
Higher voltage is necessary since most of the applied voltage is dropped beyond the junction region due to freeze-out effect. Under light illumination, some electrons and holes are generated providing additional free carriers. As free carriers increase, conductivity is enhanced; therefore, lower voltage is required to reach the same current level. For pn-junction device, similar results are observed for dark condition. Under light illumination, however, current exhibits noise features as shown in Fig. 4(b) .
In order to observe this noise feature, we performed current versus time (I-time) measurement for a constant V A , in dark and under monochromatic light (λ = 410 nm) for several Ф inc . Figure 5 shows I-time in dark and under several Ф inc (increasing for bottom to top). In dark, current is almost constant without any significant fluctuation. Under light illumination, current switches between two or more current levels and is observed as . Number of RTS monotonically increases by increasing Ф inc , indicating that RTS is triggered by photons. These results are direct evidence of single-photon detection. Detailed detection mechanism can be described as follows.
Since RTS, as signature of single-photon detection, are only observed for pn-junction devices, this indicates that phosphorus-boron cluster in the co-doped region plays an important role. Due to the random dopants distribution, a phosphorus dopant may accidentally be surrounded by boron dopants, creating a volcano-like shape, as schematically shown in Fig. 6(a) . Ionized phosphorous dopant is shown as crater surrounded by boron dopant potential. When a forward biased voltage is gradually applied, potential barrier in the depletion region is reduced. It allows electrons and holes to flow in the opposite direction as diffusion current. For simplicity, we will focus on the electron current, shown by dotted arrow, which flows from n-type (right) to ptype (left) region.
The density of diffusion electrons is strongly dependent on temperature and applied voltage. At low temperature and small forward bias, density of diffusion electrons is strongly suppressed. Only a few electrons can overcome the potential barrier and flow to the p-type region through the lowest potential region. In dark, the diffusion electrons, however, cannot overcome the hill created by boron dopants to neutralize the ionized phosphorus dopant, as far as the applied voltage and temperature are kept constant. Therefore, the measured current must be constant, as experimentally shown in Fig. 5 .
When photons with energy higher than energy band gap are absorbed in the nanowire, electrons and holes are generated. The photoexcited electron will immediately lose its energy due to phonon emission [23] and can be This causes the sudden rise of potential in the depletion region, reducing the diffusion current, as schematically illustrated in Fig. 5(b) . Since electric field exists in the depletion region, the trapped electron will quickly escape and phosphorus dopant is ionized. As a result, the depletion region potential returns to the initial condition as well as the current. Based on these events of trapping and detrapping of photoexcited electrons, sudden current changes are observed as random telegraph signal (RTS), as shown in Fig. 5(c) .
